The rotational Zeeman effect of the J->J' = 0->l, K = 0 transition has been investigated for CH3 81 Br and SiH3 81 Br under high resolution. The shielding constant for the 81 Br-nucleus in these molecules has been determined from the spectra and is compared to the values calculated from the spin-rotation coupling constants. The sign of the electric dipole moment in SiHßBr is shown to be ®H3SiBr e . From the Zeeman effect of two K #= 0 transitions of SiHaBr, gy is determined to be negative for SiHaBr, in contrast to CHjBr, where gy is positive.
Introduction
Although the rotational Zeeman effect has been observed for all symmetric top molecules of the type H3C-X, where X is a halogen atom [1] , the rotational spectra of the homologous silylcompounds üßSi-X have not been observed in the presence of a magnetic field so far. Because the silicon atom can offer empty 3d-orbitals (in contrast to the carbon atom), a partial double bond character (pji-dTrbonding) is possible for the Si-X bond. This would lead to changes in the electron distribution of the molecule and hence to observable changes in the Zeeman parameters. So we decided to investigate the rotational Zeeman effect of silylbromide, 28 SiH3 81 Br. To determine the direction of the electric dipolemoment we also investigated the rotational Zeeman effect of 28 SiD3 79 Br.
Since Vanderhart and Flygare [1] in their work on the rotational Zeeman effect of CH^Br measured only two Zeeman satellites which contain information on the Br-nuclear shielding oav, this value is determined very poorly there. Besides this, the Hamiltonian they used was incomplete and so we decided to reinvestigate the rotational Zeeman effect for CH3Br.
The 81 Br-nuclear magnetic shielding has been predicted for CH^Br and SiHaBr from the spinrotation coupling constants using the atomic dipole approximation [2] . The exact analysis of the observed Zeeman splittings for the first time offers the possibility to check the accuracy of this approximation for bromine compounds. 
Experimental
Silylbromide was prepared by reaction of hydrogenbromide with phenylsilane at -78 °C [3] . The spectra were recorded with a conventional 33 kHz square wave Stark effect modulated microwave spectrometer equipped with an electromagnet. Details of the design of the Zeeman microwave spectrometer may be found elsewhere [4] . The sample pressure was about 2 mTorr (0.2 Pascal) and the cell temperature about -70 °C. In the absence of the magnetic field all lines of SiH3 81 Br and SiH3 79 Br showed half intensity halflinewidths (hhw's) of ~ 50 kHz, whereas some of the SiD3 79 Br lines were considerably broadened with hhw's up to 150 kHz. This certainly is due to deuterium quadrupole coupling, which produces a further splitting of the hyperfine components [5] . Unfortunately this could not be resolved.
Theory
For the analysis of the rotational spectra of SiH3 79 Br and SiD3 79 Br in the absence of the magnetic field, we have used the same effective rotational Hamiltonian as in our previous work [3] on the rotational spectrum of SiH3 81 Br with matrix elements in the coupled basis as given in Eq. (1) of Reference [3] .
Because deuterium quadrupole coupling could not be resolved (see above), we neglected it in the analysis of the SiD3 79 Br spectrum. The lower precision, which resulted from the deuterium line broadening, did not allow us to fit the 79 Br spin rotation coupling constants for SiD3 79 Br. In Tables 1 (SiH3 79 Br) and 2 (SiD3 79 Br) we give the observed zero field frequencies of the absorption lines, which we estimate to be accurate within Tables 1 and 2 , which show the differences between the observed frequencies and those recalculated from the data of Table 3 according to Eq. (1) in [3] , may be used as an indication of the quality of the fit.
In Tables 4 and 5 we give the observed Zeeman satellite frequencies for SiH3 81 Br and SiD3 79 Br resp., which were used to determine the molecular g-value g± and g\\, the molecular susceptibility anisotropy y± -*/\\, the shielded nuclear magnetic moment for the Br-nucleus, <7/(1 -cav) I, as well as the anisotropy of the 81 Br nuclear shielding, (ctx-<7||), (see Table 6 ) (tfav= (2<r±+ cr,|)/3). top Hamiltonian including centrifugal distortion [6] . J?Q is the bromine nuclear quadrupole interaction Hamiltonian [7] . J^SR stands for the interaction of the Br-nuclear magnetic moment with the magnetic field produced by the overall rotation of the molecular charge distribution [3, 8, 9] . Jfg mo1
and Jf x are the first and second order molecular Zeeman effect [8, 9] . Jfg nucl is the shielded nuclear Zeeman effect of the Br-nucleus [8, 9] , and J^TS stands for the translational Stark effect [10] , which originates from the Lorentz forces acting on the molecular charge distribution of molecules with non zero translational velocities with respect to the exterior field. Except for the bromine spin all other nuclear spins are neglected in Jfett, since they are too loosely coupled to the overall rotation as to have a measurable effect on the rotational spectra (measurable within the present experimental From the matrix elements which connect the different J, K-sub matrices only those due to Jfq are sufficiently large to have a measurable, though small effect on the rotational levels. This allowed us to treat every J, iT-block separately after the relevant off diagonal elements of JFq had been projected into it by a Van Vleck Transformation [11] .
With the applied fields between 9 and 22 kG, the matrix elements of Jfg mo1 and Jfg nucl , which are diagonal in Mj and M j, are comparable in magnitude to the matrix elements of which are both diagonal and off diagonal in Mj and Mi. Thus mixing of different Mj, M/-states is rather strong, and Mj and Mi loose their meaning as projection quantum numbers for the rotational and spin angular momenta. Indeed Fig. 1 Table 9 ). The calculation is based on the Hamiltonian given in Eq. (1) (see text) and the molecular parameters given in Tables 6 and 8 CH3 81 Br (and the same holds for SiH3 81 Br) the quantum numbers of the coupled basis, F and Mp can still be used to characterize the observed transitions. A further, but much smaller mixing of Mj, Mi-states is induced by those matrix elements of Jf Q , which are off diagonal in J and were folded into the J, If-block under consideration in a second order perturbation treatment. Finally for K =j= 0 levels the translational Stark effect Jf TS produces a mixing between states differing in Mj by ± 1. For every J, i£-block the Hamiltonian matrix was diagonalized numerically.
With the magnetic field perpendicular to the electric field vector of our microwave radiation, there are for every rotational transition two of the Zeeman components, whose shift from their zero field position is independent of J^Q and Jfg Ducl . The special properties of these transitions with
M i = ± I -> Mj' = ±J±\,MI=± I) have been described elsewhere [1, 12] . We note, that these transitions allow one to determine g±, g\\ (Xx -X\\)> an d ~~ ^ll)' but contain no information on the signs of g± and g\\ or the value of the average chemical shielding cav at the Br-nucleus.
We analyzed the Zeeman effect of all hyperfine components of the J ^-J' = 0 1, K = 0 rotational transition of SiH3 81 Br to determine the value of (7av = i (o\\ ± 2 o±) and the sign of gx relative to the known sign of the bromine nuclear g-value [13] . For SiH3 81 Br the relative sign of gL and g\\ was determined unambiguously from the rotational Zeeman effect of the J - (3) below).
Effect of Field Inhomogeneity
As is shown in Fig. 2 the magnetic field is not constant over the absorption path but decreases towards the ends of the magnet. This field inhomogeneity leads to a deformation and shift of the recorded absorption lines, which depends on a) the magnetic field profile, b) the sensitivity of the absorption frequency to the applied field d n/dH and c) the hnewidth (mainly due to molecule/molecule and molecule/wall collision broadening).
If the inhomogeneity of ~ 150 Gauss shifts the frequency of the satellite under consideration by less than approximately one half of the half intensity hne width (typically 50 kHz), then the experimental line shape still looks fairly symmetric and the evaluation of the Zeeman satellite frequency may be based on the average value of the magnetic field averaged over the full absorption length.
If on the other hand the Zeeman satellite frequency shows a very strong field dependence, the profile of the absorption hne becomes asymmetric with a steep slope at the "high field side" and tailing off to the "low field side" as is illustrated in Figure 3 . In such cases the peak of the recorded absorption neither corresponds to the maximum field strength Hq , reached in the centre of the gap, nor to the average magnetic field //av, but to an intermediate "effective field", which was determined as follows.
In a first fit the observed Zeeman satellite frequencies were used together with the experimentally determined average field values to get initial values for the susceptibility anisotropy, the g± and g\\ values etc. Before the second fit the observed field profile was approximated by a step profile by subdividing the absorption volume into 24 segments of equal length and by approximating the field within each of the segments by its value in its centre. Then the Zeeman parameters determined in the first fit were used to calculate theoretical line profiles as superpositions of Zeeman satellites originating from the different segments according to Equation (2).
b
Ii
Ii(v) = absorption intensity of i-th Zeeman satellite n at frequency v (arbitrary scale), b = half intensity half width determined experimentally from the zero field line profiles (50 kHz), n(Hi) = satellite frequency for the segment field strength Hi of the I-th segment.
As an example the result of such a calculation is shown in Fig. 3 for the J-»J' = 01, K = 0, F F' = 3/2 1/2, Mf -> Mf' = -1/2 1/2 rotational transition of SiH3 81 Br, for which dvi/dH = -1.79 kHz/G. As is seen from the Fig. 3 , the peak frequency of the absorption profile is shifted from the value calculated for a homogeneous field Ho (centre gap value) to a frequency that was calculated for a slightly lower effective value of the magnetic field, Hett. These effective field values were used in the final least squares fit of the Zeeman parameters to the observed peak frequencies of the Zeeman satellites.
As can be shown, the procedure described above accounts for the fact, that in the least squares fit of the Zeeman parameters [14] each observed Zeeman satellite frequency does not correspond to a single normal equation, but to a whole set, whose members originate from the different segments of the absorption cell. In cases where the spread of the satellite frequency corresponding to the fields in the different segments is small with respect to the linewidth, b, these equations are lumped together with essentially equal weight, while in cases of satellites with stronger field dependence, they are lumped together with different weights, decreasing with increasing deviation from the centre gap frequency.
B. Methylbromide
We recorded the J J' = 0 ^ 1, K = 0 (compare Fig. 1 ) and J -> J' = 1 -> 2, K = 0 rotational transitions of CH3 81 Br under field free conditions (see Table 7 ). As for SiH3Br, we used Eq. (1) of [3] to determine Bq, Dj, eqQ, and C± from the observed frequencies (see Table 8 ). The molecular constants obtained here agree with those given by Demaison et al. [15] to within two standard deviations, but only eqQ is determined more accurately here. In Table 9 we give the observed Zeeman satellite frequencies for CH3 81 Br, which we used to determine the molecular g-value g±, the molecular susceptibility anisotropy (Xjl~ X\\) the shielded nuclear magnetic moment for the Br-nucleus (1 -cr&v)gil, and the anisotropy in the nuclear magnetic shielding (a± -(Ty). In the analysis of the experimental data we used the Hamiltonian of Equation (1).
C. Discussion

Isotonic Variation of eqQ
The ratio of the quadrupole coupling constants, eqQ, for the two isotopic species SiH3 79 Br/SiH3 81 Br and CH3 79 Br/CH3 81 Br is found to be These values are in good agreement with the tabulated value for the ratio of the nuclear quadrupole moments Qc,BT)IQrBl) = 1.19707 (3) [16]. The differences in the ratios are not significant. There is however a small 0.25% difference in the effective bromine nuclear quadrupole coupling constants in SiH3 79 Br and SiD3 79 Br. We believe that this difference is due to different zero point vibrational averaging in the two isotopes. To check this hypothesis, it would be necessary to combine a normal coordinate analysis with experimental egQ-values of molecules in excited states of the different vibrational modes, an investigation which was beyond the scope of the present study.
Sign of the Molecular Electric Dipole Moment in SiH3 Br
The rotational ^-factors, when measured for two isotopic species of a molecule, can be used to give the sign of, and the approximate magnitude of the electric dipole moment. For an isotopic substitution, which shifts the centre of gravity along the symmetry axis 2 by Az, so as to change all z-coordinates from zn to Zn -zn-\-Az and to change the moments of inertia, I± -h/87t 2 B, and the ^-values to I±' and g±' resp., we have [17]:
where e is the proton charge and Mv the proton mass. If we take D3Si 79 Br as the primed species and SiH3 81 Br as the unprimed species together with the structural data rsiH = 1-485 Ä, rsmr = 2.210 Ä, and <£HSiBr= 107.8° [31] , the shift of the centre of mass is calculated as JZ = 0.0655Ä. (The positive z-Axis is assumed to point towards the bromine atom.) Insertion of the rotational constants (Table 3) and grx-values (Table 6 ) then leads to a value of fiz= -3.4 ± 1.6 D, i.e. +H3SiBr-This value has to be compared to the absolute value of the dipole moment, | juz \ = 1.318 ± 0.008 D [3] , determined with considerably higher accuracy from the Stark-effect. Although the Zeeman value is 1.3 standard deviations off the Stark-effect value, we are confident that it gives the correct sign of the dipole moment.
Sign of g\\ in Silylcompounds
It has been demonstrated by Vanderhart and Flygare [1] , that the sign and magnitude of the rotational (/-factor associated with the rotation of a methyl group about its symmetry axis (gy for all methyl halides) is approximately Ö , ||(CH3-) = +0.31. For SiH3Br the present study has shown, that the corresponding g-factor associated with the rotation of a silyl group has about the same absolute value but the opposite sign: <7 (SiHr) = -0.32. Further examples are silane, where a gr-factor of <7(SiH ) = -0.27 was observed [18] , and H3C-SiH3, where the contributions from the methyl-and silylgroups nearly cancel to give a very small g\\ of (/i; (H3csiH3) -±0.018 [19] . In a simple model of point charges (see Fig. 4 ) the observation of a positive ^-factor for the methyl group and of a negative gr||-factor for the silyl group can be "explained" by assuming opposite charges on the off-axis H-atoms. These opposite polarities in the C-H and Si-H bonds have been predicted from the different electronegativities of the atoms (2.5 for carbon, 2.15 for hydrogen, and 1.8 for silicon resp. [20].
/?r Nuclear Shielding
From the experimentally determined (1 -oav)gi I values of SiH3 81 Br and CH3 81 Br we can calculate the 81 Br nuclear shielding in both molecules (see Table 6 ). In this calculation the unshielded nuclear magnetic moment of the bare 81 Br nucleus was taken to be gi 7 = 2.2696(5) [21] (however see Appendix II). The errors given for (1 -oax)giI and gil are one standard deviation and reflect the (statistical) uncertainties in the frequency measurements leading to these values. Besides this there is an additional uncertainty in the measurement of the magnetic field, which is approximately ± 5 Gauss at 20 kG. This leads to a systematic error in the
CH3Br
Si H3 Br experimental (1 -oav)giI values. The uncertainty in the resulting crav-values is thereby raised by ± 220 ppm. When the Oav-values determined here are compared with those calculated with the atomic-dipole approximation given by Gierke and Flygare [2] , it is realized, that the agreement is very good for CH3Br. This indicates, that Eq. (14) of [2] can successfully be used to calculate the nuclear shielding in bromine compounds. The agreement between observed and calculated oVv-values is not so good for SiH3Br. This might be explained by the special bonding situation in SiH3Br (p7r-d7r-bonding), which is not accounted for in the calculated value. The difference in the crav-values is however only 1.2 standard deviations and so the atomic dipole approximation may still be applicable to SiHsBr.
Paramagnetic Susceptibilities and Paramagnetic Shielding
The paramagnetic susceptibility x\\ p an d the paramagnetic shielding <J\\V are about three times as large for SiH3 81 Br than they are for CH3 81 Br Table 10 . Molecular quantities derived from experimental data given in Table 6 . The geometries of the nuclear frames are taken from Refs. [31] and [32] . The bulk magnetic susceptibilities are calculated from the Pascal constants [33] , with an assumed uncertainty of ± 5% for CH3Br and -because of the special bonding situation -± 10% for SiH3Br. (see Tables 6 and 10 ). Since the hydrogen atoms carry a partial negative charge in SiH3Br, and because they are farther away from the symmetry axis in this molecule, the matrix elements <0| Lz \ w> will be larger for SiH3Br. On the other hand, the energy differences between occupied and unoccupied states with 7r-symmetry appear to be slightly larger in SiH3Br than in CH3Br [22] and this should partly compensate the increase of the matrixelements in the nominators of the perturbation sums. If we turn to the discussion of the /±P-values, we find that is only half as large in CH3 81 Br as in SiH3 81 Br. To understand this we look at the definition of the paramagnetic susceptibility [9, 13] :
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From the structure [31] and the g± and I± values (see Tables 3 and 6 ) one sees, that the second term on the right side contributes less than 10% to y j*.
In other words, yj> is mainly determined by the first "point charge" term, and because Zv is 14 for silicon and only 6 for carbon, and because the bond distances and hence the zv coordinates are slightly larger in SiH3Br than in CH3Br, this essentially explains the observed differences in the ^P-values. From the spin-rotation coupling constants P was found to be twice as large for CH3 81 Br as for SiH3 81 Br (see Table 6 ) and has been discussed already in [3] .
Appendix I
Nonvanishing matrix elements of the nuclear quadrupole, J^Q, spin-rotation, JfsR, molecular Zeeman, Jfg mo1 and nuclear Zeeman, Jfg nucl , and translational Stark effect operators Jf TS which were used in this work. The off diagonal matrix elements of JfsR and Jfg nucl , not given in the literature, were derived by use of the WignerEckart theorem. 
Appendix II. Nuclear Magnetic Moment of an Unshielded Br-Nucleus
The value of 0//(.,Br) = 2.2696(5) given in Ref. [21] is based on the measurements of Ref. [24] and [25] , where the ratio of the NMR frequencies of the proton resonance and the 81 Br~-ion in an aqueous solution of KBr and NaBr at a given field was determined to be 0.27003 ±0.03% and 0.27014 ±0.02% respectively. In calculating the unshielded 81 Br nuclear magnetic moment from the measurements Mack [21] used a theoretical value of a d = 3085 ppm for the diamagnetic shielding and disregarded the paramagnetic shielding (T^aq Br-) for the Br~-ion in aqueous environment. From recent measurements of Lutz and coworkers [26] it becomes however possible to account for this paramagnetic contribution which can not be neglected. In the subsequent calculation of the gi /-values for the bare nuclei we assume, that the values for the diamagnetic contributions to the bromine shielding in NaBr and KBr crystals, in dilute aqueous solutions, and in free atoms are sufficiently close to each other to neglect their differences [29] . We further assume, that the theoretical values for the paramagnetic contributions, a'P, in NaBr and KBr [27] are sufficiently accurate to justify their use in the present calculation. Finally we assume that the theoretical value of the diamagnetic shielding in the free atom is also sufficiently accurate. With these assumptions, the derivation of the <7/ /-values for the bare nuclei is straightforward as follows.
From Table 4 Of course both values should be identical. Their difference may give some hint as to the quality of the theoretical values and assumptions involved in their derivation. In the following we use (x£Br-aq oo, av --470 ± 100 ppm. 
